In this work a fouling study of polypropylene membranes used for microfi ltration of glycerol solutions fermented by Citrobacter freundii bacteria was presented. The permeate free of C. freundii bacteria and having a turbidity in the range of 0.72-1.46 NTU was obtained. However, the initial permeate fl ux (100-110 L/m 2 h at 30 kPa of transmembrane pressure) was decreased 3-5 fold during 2-3 h of process duration. The performed scanning electron microscope observations confi rmed that the fi ltered bacteria and suspensions present in the broth formed a cake layer on the membrane surface. A method of periodical module rinsing was used for restriction of the fouling infl uence on a fl ux decline. Rinsing with water removed most of the bacteria from the membrane surface, but did not permit to restore the initial permeate fl ux. It was confi rmed that the irreversible fouling was dominated during broth fi ltration. The formed deposit was removed using a 1 wt% solution of sodium hydroxide as a rinsing solution.
INTRODUCTION
Microfi ltration (MF) has been widely used on the industrial scale since the beginning of the 20th' century and is currently applied in many fi elds of industry such as pharmaceutical, biotechnology and food industries 1 . The MF process is utilized for the purifi cation and sterilization of various biological solutions, including fermentation broths. The separation of microorganism cells from the fermentation broth is a very important stage in the recovery of fermentation products. Bacteria which were not retained by membranes could initiate a biofouling of the MF membranes on the permeate side as well as on the feed side of downstream nanofi ltration (NF) or reverse osmosis (RO) membranes in a MF-NF/RO systems [1] [2] [3] or in a MF-pervaporation installation 4 . Therefore, the production of sterile MF permeate is crucial for broth separation by integrated downstream processes 5 . It was observed, that a rapid fl ux decline occurred in the fi rst few minutes of membrane fi ltration of bacterial suspensions 3, 6 . A particle deposition at the membrane surface (fouling) is commonly considered as one of the main factors responsible for the decrease of the fi ltration rate with time in MF process. Moreover, it is accepted that the dissolved substances such as proteins, polysaccharides and polyphenols are involved in the fouling process. In the case of broth fi ltration, biofouling can be initiated by bacterial adhesion to the membrane surface caused by nonspecifi c adsorption (e.g., through hydrophobic interaction) 7 . The fl ux decline caused by fouling can be reduced using backfl ush procedures and chemical cleaning steps, but these operations are time consuming and adding up mechanical and chemical stress to the fi ltration devices resulting in a loss of capacity and effi ciency of such equipment 8, 9 . Therefore, the research of low-fouling membrane materials are performed 7, 10- 14 . It was revealed, that signifi cantly higher fl uxes and lower fouling was obtained during a wine fi ltration for polypropylene membranes (PP) than that for the membranes made from polyethersulfone, both having the pore size equal to 0.2 m 10 . Moreover, the PP membranes appears to be more resistant to fouling during membrane distillation (MD) of glycerol solutions fermented by bacteria 15 . A cleaning operation is not completely effi cient or may be aggressive for the membranes in several cases 7 . Chemical cleaning, usually with aggressive solutions, is generally applied to hydraulically irreversible foulants. The chemical agents, particularly oxidants, are also used for disinfection to maintain the system free of microorganisms. The chemically resistance membranes made from highly hydrophobic polymers, such as poly tetrafl uoroethylene (PTFE) or PP, should be used in these cases. However, the hydrophobic membranes are more liable to fouling 7 , therefore, ceramic membranes are proposed for biotechnology and food industry 16 . Due to their excellent chemical, thermal and mechanical stability ceramic membranes represent a very promising alternative to the polymer fi lter systems 5, 9, 12, 14 . The production of biofuels, such as diester (biodiesel), generates glycerol as a main by-product. The utilization of a crude glycerol to produce 1,3-propanediol (1,3-PD) by biological methods provides an area of opportunity, where it would be possible to capitalize on the surplus of waste glycerol
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. The fermentation conditions, e.g. with Citrobacter freundii bacteria, that enable the maximum concentration of 1,3-PD are accompanied by inhibition phenomenon, notably by the fermentation products, such as diols and carboxylic acids [20] [21] [22] . A fed-batch culture is commonly used in the microbial fermentation to achieve a high cell density because a substrate limitation or inhibition can be avoided by maintaining the medium substrate concentration at a relatively constant level during the cultivation 5, 15 . The inhibition phenomenon can be restricted when the metabolites are selectively removed from the broth. This can be achieved by using the integrated membrane processes, such as NF/MD system 23 . Moreover, the microbiological processes are associated with the generation of the considerable amounts of diluted effl uents from the bioreactors. In the integrated separation processes, the NF can be used to provide economic advantages not only to pre-concentrate these solutions before the next evaporation step, but also to recycle the process water 24 . Citrobacter freundii are long rod-shaped bacteria typically 1-5 μm in length [25] [26] [27] . The MF process with ceramic tubular membrane (pore diameter 0.14 μm, TAMI, France) was carried out as a pre-treatment stage before NF separation of broths with C. freundii bacteria 5 . However, the retention of bacteria was not complete, and the MF permeate contained over 10 3 -10 4 cells, whereas bacteria concentration in the feed was at a level of 10 11 . These bacteria were retained when the PTFE membrane (0.2 μm, Millipore) was applied 28 . It was found that a type of membrane material and the cell-wall fl exibility triggers the transfer of the bacteria through the membranes, when the pores are smaller in size than the cell 2, 29 . However, a signifi cant fouling was observed due to a high hydrophobocity of PTFE 28 . A lower hydrophobocity has a polypropylene, thus the PP membranes were used in this work for MF of broth with C. freundii bacteria, which was applied for 1,3-PD syntheses from glycerol. The permeate quality and the intensity of fl ux decline and fouling during the long-term MF studies was analyzed.
EXPERIMENTAL
The MF studies were carried out using the polypropylene capillary membranes (Accurel PP S6/2, Membrana GmbH, Germany). The external and internal diameters of the membranes amounted to 2.6 mm and 1.8 mm, respectively. The nominal and maximum diameters of the pores were 0.2 μm and 0.6 μm, respectively, and the open porosity was 73% (manufacture data). These values are in a good agreement with experimental data 30 . The four capillary membranes were assembled in a MF1 module with 1.16 m length and the internal area equal to 0.026 m 2 . The MF1 module was chemically cleaned during MF studies. Therefore, additional two modules with the same membranes, length 1.18 m (MF2) and 0.35 m (MF3), were applied to obtain the membrane samples used in SEM studies of fouling layer deposited on the membrane surface.
The experimental set-up used for cross-fl ow MF was presented in Figure 1 . During the MF process the feed fl owed inside the capillaries (lumen side) and a transmembrane pressure (TMP) equal to 30 kPa was applied. A peristaltic pump was used, and the volume fl ow velocity of the feed was 6 ±0.2 ml/s. The initial feed volume was about 1.5 L, and it was reduced 3-4 fold during the MF process. The MF modules were constructed without an external shell and during the MF studies the module was assembled inside the permeate tank .
The actual values of the maximal permeate fl ux were determined using the distilled water as a reference solution. After completing the studies of broth separation, the membranes in the MF1 module were subjected to the chemical cleaning (TMP ≈ 0 and fl ow velocity 0.6 m/s). The cleaning procedure was as follows: rinsing the installation with distilled water (10 min), cleaning with an aqueous solution (1.5 g/L) of alkaline cleaning agent P3-ultrasil 11 (ECOLAB, Poland) for 30 min, followed by rinsing (three times) with water over 10 min. In the second variant of cleaning procedure, a 1 wt% NaOH solution was used instead P3-ultrasil 11.
The broths for MF studies were taken from batch fermentations, which were conducted in a LiFlusGX bioreactor (Biotron Inc., Korea). Fresh cultures of Citrobacter freundii were inoculated under sterile conditions in the bioreactor (bacteria culture comprised 5% of the total reactor volume). The medium for the fermentation process of glycerol (20 or 40 g/L) also contained: 3.4 g of K 2 HPO 4 , 1.3 g of KH 2 PO 4 , 2.0 g of (NH 4 ) 2 SO 4 , 0.4 g of MgSO 4 . 7H Table 1 . Two cycles of MF studies with MF1 module were carried out. In the fi rst (series S1-S6), the broths obtained during the fermentation of solutions contained 40 g glycerol/L were used as a feed. In the second cycle (series S7-S10) the fermented solutions contained initially 20 g glycerol/L.
The bacteria concentration was estimated by a series of broths dilution prepared in NaCl solution (0.9%) and the obtained samples were placed on the MRS agar (BTL, Poland). The plates were incubated for 24 h at 303 K and the colony-forming units (CFUs/ml) were then counted. This experiment was repeated three times.
The degree of bacteria retention by used MF membranes was investigated by collecting of the permeate samples after 10, 30, 60 and 90 min of MF process duration. At the beginning of MF process, a permeate tank and the external surface of the membranes located in this tank were rinsed by a 75 wt% solution of ethanol (sterilization).
A biomass concentration was also determined using a dry mass method and the turbidity measurements. A Hach 2100AN IS Turbidimeter was used to measure turbidity (NTU scale). For determination of dry mass concentration a sample of 0.05 L of broth, was centrifuged (4000 rpm, centrifuge MPW-350R, Med-Instruments, USA). A temperature of biomass drying was about 363 K.
The concentrations of glycerol, 1,3-PD and the organic acids were determined by a high performance liquid chromatography (HPLC) using an UlitiMate 3000 apparatus (Dionex, USA) with refractometer detector R1-101 (Shodex) and a column Aminex HPX-87H (BIO RAD, USA) with HyperREZ XP H+ Guard (Thermo Scien- A membrane morphology and deposit compositions were studied using scanning electron microscope (SEM) coupled with the energy dispersion spectrometry (EDS). The samples for cross-sectional observations were prepared by fracture of the capillary membranes in liquid nitrogen. All samples were sputter coated with palladium.
An analysis of distribution of bacteria particle size and other suspended solids, contained in the fermentation broth, was performed by a laser scattering particle size distribution analyzer, LA-950V2 (Horiba), using a light refractive index equal to 1.4.
Hydrophilicity/hydrophobicity of the PP membranes were determined by dynamic contact angle measurements based on the Wilhelmy plate method. The measurements were carried out using a Sigma 701 microbalance (KSV Instrument, Ltd., Finland) integrated with a PC for automatic control and data acquisition.
RESULTS AND DISCUSSION

Membrane characteristic
A morphology of used capillary membranes was analysed based on the SEM observations. The Accurel PP membranes are symmetrical and they are characterized by a sponge-like structure (Fig. 2) . A wall thickness of used Accurel PP membranes was equal to 400 μm. A size of the surface pores located on the lumen side was found to be uniform (usually about 1-2 μm) and was slightly larger than that inside the wall (Fig. 2C) . The larger pores can facilitate the penetration of biomass into the pore interior (internal fouling). However, the pores inside the wall are signifi cant smaller, and according to manufacture's data the particles larger than 0.2 μm should be retained .
Generally, it was observed that the permeate fl uxes obtained during membrane separation of real solutions are signifi cantly lower than that for pure water, due to a deposition of foulants on the membrane surfaces 31-33 . Table 1 . The composition of post-fermented solutions subjected to separation by MF (series S1-S10) Figure 2 . SEM images of Accurel PP S6/2 membrane. A) membrane cross-section, B) surface -lumen side, C) cross-section -area close to lumen side Therefore, for the evaluation of fouling infl uence on a reduction of the membrane permeability, the initial stable maximum permeate fl ux (distilled water as a feed) should be at fi rst estimated. , thus for applied TMP = 0.03 MPa water cannot fl ow through their pores. Therefore, at the beginning of the MF study, the membranes were wetted with ethanol, which was replaced with distilled water after 10-15 min of the MF process duration. This procedure was repeated three times and after a few days of MF process (feed -distilled water) the stabilization of the maximum permeate fl ux at a level of 100-120 L/m 2 h was achieved. Similar results were also obtained for the MF2 and MF3 modules.
Cross-fl ow MF process of broths
The infl uence of fermentation parameters on the efficiency of both 1,3 PD production and broth downstream separation by NF process was presented in our previous work
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. These studies demonstrated that a decrease of the initial glycerol concentration in the broth to a level of 20-40 g/L allows to increase the effectiveness of batch fermentation. Therefore, in this work the fermentations were carried out with glycerol concentration equal to 20 or 40 g/L. A composition of several exemplary post--fermented solutions applied for the fi ltration by MF process was presented in Table 1 .
fl ux (Fig. 3 -water after MF series) . The module was immersed in distilled water through the night break, which provided additional cleaning. A large increase of the maximum permeate fl ux was obtained when the module was soaked in distilled water during consecutive 82 h (Fig. 3 -point A) . The application of only water for module rinsing will be very comfortable in the case when the MF module is connected with bioreactor. The chemicals used for membrane cleaning are usually toxic for bacteria, and after a module rinsing a large volume of water should be used for their removal from MF module before broth fi ltration.
The possibility of applications of MF module rinsing with water exists in the case of batch fermentation. The results of MF process carried out in such a way are shown in Figure 4 . Unfortunately, a slow systematic decrease of the permeate fl ux was observed, which indicated that even module was rinsing for a long time, did not permit to remove all the deposits formed on the membrane surface (irreversible fouling). In the fi rst cycle of MF studies the broths produced during the fermentation of solution contained 40 g glycerol/L (denoted as "broth 40 g/L") were used. The studies confi rmed that a signifi cant decrease of the permeate fl ux was observed (Fig. 3) , probably due to a membrane fouling. During the fi rst 2 h of process operation the permeate fl ux decreased from 110 to 27-31 L/m 2 h. Similar results were also obtained for the MF separation of other broths 36, 37 . Most probably, the formation of cake layer has a dominant effect on the fl ux decline. After each MF series, the broth was removed and the module MF1 was rinsed two or three times with a new portion of distilled water, which increased the permeate The initial concentration of the broths used in the studies amounted to 2.2-2.32 g/L of dry biomass and it was increased to 8.5-10.7 g/L during the MF process realized in a batch mode (Fig. 5) . The fi nal biomass concentration decreases with MF series, which resulted from fl ux decrease due to a fouling progress. However, the fl ux stabilization (Fig. 4) confi rmed that the fouling rate is not linearly proportional to the foulant concentration 38 . In the cross-fl ow MF the most of the deposits is formed on the membranes at the fi ltration beginning, and the thickness of cake layer is stabilized due to a shear and hydraulic forces. Therefore, a rapid fl ux decline was observed during the fi rst 20-30 min of each performed MF series, and subsequently this decline was stabilized.
The measurements of feed and permeate turbidity demonstrated a high degree of retention of suspended matter by used MF membrane (Fig. 6) . Depending on the initial feed concentration the concentration of feed proceeded with a different rate and the NTU value of the feed was changed in the range from 2200 to 7700 NTU. For S1 and S2 series the permeate turbidity increased from 3 to 6 NTU, where the feed turbidity increases to 7700 NTU. For the next series the permeate turbidity was stabilized at a level of 0.72-1.46 NTU in each of these cases. These results indicate that a fouling layer formed on the membrane surface enhanced the separation effectiveness.
retention of bacteria most probably resulted from the formation of fi lter cake on the membrane surface, which can limit the possibility of bacteria penetration into the membrane pores and permeate.
In the second part of this work the post-fermented solutions, obtained by fermentation of the broth containing 20 g/L of glycerol (denoted as "broth 20 g/L"), were used for the investigations of MF process. The concentration of biomass in this case was about 0.9-1.2 g/L (in case of broth 40 g/L it was 2.2-2.3 g/L) and the living bacteria were at a level of 9.3-10.1 log CFU.
The MF studies revealed that in spite of a lower biomass concentration, the permeate fl ux obtained during broths fi ltration (series S7-S10) was also signifi cantly lower than that for distilled water (Fig. 8) . Moreover, the permeate fl uxes were stabilized at a level of 20 L/m 2 h during series S7-S10, similarly as was obtained for series S6 (Fig. 4) . This indicated, that the significant differences in the intensity of membrane fouling were not obtained in the studied range of biomass concentration (0.9-10 g/L). A signifi cant increase of the maximum permeate fl ux (Fig. 8, point B) from 50 to 86 L/m 2 h was obtained after a week interval in MF process, during which the membranes were soaked in distilled water. However, the permeate fl ux during the MF process of broth (series S9) was only slightly larger than that from previous S8 series. Most probably during such a long interruption in the MF process, the deposit was only loosen (but not removed) which reduced the fl ow resistance. A confi rmation of this conclusion can be the fi nal results (Fig. 8, after 32 h) , which was obtained during fi ve consecutive days of rinsing the MF1 module with water. Although, the duration of membrane' contact with water was similar, the fl ux did not increase because the deposit was compressed every day by the used transmembrane pressure (0.03 MPa).
In the next part of studies the MF process of broth 20 g/L was repeated for a module with new membranes (module MF2). In this case the permeate fl ux for broth was two times larger ( Fig. 9 ) than that presented in Figure 8 for module MF1. However, a distribution of measurement points in Figure 9 was similar to that presented in Figure 3 , which were obtained during MF of The studies of particle sizes distributions together with bacteria dispersed in the broth were presented in Figure 7 . These studies demonstrated that the smallest detected particles had a dimension of 0.5 μm. These dimensions are slightly smaller than the magnitude of the largest pores (0.6 μm) given by the manufacturers of Accurel PP S6/2 membranes. For this reason, a fraction of the smallest particles may pass through the largest pores. However, the obtained low values of the MF permeate turbidity (Fig. 6) indicates that most of the cells and colloidal particles was reject by used membranes.
It was demonstrated in other works, that a small amount of bacteria may be transferred into the permeate even when their dimensions are 2-3 times larger than the pore size in the membrane 2 . The degree of bacteria rejection was estimated based on the plate method (CFU). In the post-fermented solutions, the concentration of Citrobacter freundii bacteria amounted to 9.7-11 log CFU/ml. The degree of bacteria retention was studied by collecting the permeate samples several times during a series S3-S5. The presence of bacteria in the permeate was not found in any case. Such a good time of water rinsing was applied for broth removal from both the module and membrane surfaces. In this case, a continuous amorphous layer of deposit covered the entire membrane surface; moreover, a large amount of bacterial cells was observed on the membrane surface (Fig. 10) . All the surface pores (showed in Fig. 2B ) were covered by deposit, therefore, the membrane permeability was reduced.
Citrobacter freundii bacteria occur in the form of rods, which have most frequently a dimension of 2-5 μm on the surface of tested samples. However, it is not easy to distinguish bacteria from other deposits with a similar shape. To differentiate from these shapes, it can be useful to utilize the results of SEM-EDS point analyses.
The results of this analysis were presented in Table 2 . In the places without the bacteria (Fig. 10, point A) , the SEM-EDS analysis indicated mainly carbon and a small amount of oxygen and Si. In the place occupied by bacteria (Fig. 10, points B and C) , the SEM-EDS revealed beside carbon also a large amount of N and O, and smaller amounts of Mg, Ca, and K. These are the elements, which are included in the composition of compounds forming a wall of bacteria cell. This allows to assume, that the rod objects observed on the precipitate surface constitute bacteria.
The changes of the permeate fl ux obtained for MF2 module was presented in Figure 9 . This module was operated similarly to MF1 module, and a long time rinsing with water between the MF series was applied (opposite to the MF3 module). The SEM observations demonstrated, that the membrane surface in the MF2 module contained less deposits. This module, similarly as MF1 module, had a length close to 1.2 m. It was found, that a larger amount of deposit was formed at the module inlet (Fig. 11) . The presence of rod-like shapes, which were previously prescribed to C. freundii bacteria (Fig. 10) , practically was not observed on the membrane surfaces in MF2 module. However, numerous cavities can be observed, which is characteristic for the etched surfaces. This can indicate, that an intensive rinsing of MF2 module with water removed the majority of deposit, also including bacteria contained in this deposit. This fact was confi rmed by the results of SEM-EDS analysis. It was detected mainly C and O in the deposit, as well as broth containing two times more of biomass. The result of this comparison confi rms a previous conclusion, that a similar effect of fouling on a reduction of MF process effi ciency was obtained for both kinds of examined broths (20 and 40 g of glycerol/L).
Studies of membrane fouling
The SEM observations revealed that a layer of deposit was formed on the membrane surfaces during MF process (Fig. 10) . Thus, a decline of the permeate fl ux observed during presented studies of MF process mainly resulted from fouling. This result is similar to those obtained for other investigations of broth separation 2, 23 . The deposits formed on the membrane surface can be generally divided into two groups. The deposits, which can be removed by rinsing a module with water (reversible fouling) belong to the fi rst group while the second group include the deposits, which were not removed by rinsing with water (irreversible fouling) 38, 39 . The samples for SEM studies of the fouling layer were taken from MF2 and MF3 modules, and different images of the membrane surfaces were observed. A module MF3 was used for three MF series, after which only a short small amounts of Mg and Si (Table 2 , point Fig. 11-A) .
The obtained results indicate that the main reason of irreversible fouling during the broth fi ltration will not be a deposition of bacteria, but adsorptive organic fouling. It is widely accepted that the organic fouling is mainly caused by organic macromolecules such as soluble microbial products, extracellular polymeric substances (EPS) and possibly other substances resulting from cell lysis or lost during a cell synthesis 39 .
The SEM observations of these pores revealed, that their interior did not contain contaminants and fi ltrated bacteria (Fig. 13) . This confi rms a conclusion, that a fi lter cake formed on the surface facilitated the retention of cells. In a few places spherical shapes (diameter 2-3 μm) were observed on the deposit surface, which collapsed most probably due to drying of membrane sample. In this case, a composition of SEM-EDS analysis ( Table 2 , Fig. 12-A) confi rmed the presence of cells. Numerous smaller spherical shapes with a diameter below 1 μm, visible in Figure 12 , did not contain the nitrogen, which rather preclude that they were bacteria. However, signifi cant amounts of O and Si and small amounts of Fe found in its composition ( Table 2 , Fig. 12-B) , indicated for sparingly soluble deposits of silicates. A deposit in the vicinity of the module outlet also covered the entire surface of membranes, but it was fractured (Fig. 12) . A fracture structure was formed most probably due to a sample drying, which indicates that the deposit was defi nitely thinner than that formed at the module inlet. The formed fractures exposed the pore surface.
The results of SEM observations obtained for membranes from MF2 and MF3 modules confi rmed that a signifi cantly smaller amount of foulants deposited on the membrane surfaces when a module was long-time rinsed with water. Because not all the deposit was removed, a periodical chemical cleaning of membrane should be applied. In the fi rst step, the MF1 module was rinsed with P3-ultrasil 11 solution for 30 min, and an increase of the permeate fl ux from 40 to 72 L/m 2 h was obtained (Fig. 14) . The used solutions of P3-ultrasil 11 beside other components contained NaOH. For used in this work broth, the UF membrane was effective cleaned when a 1 wt% NaOH was used 5, 28 . Therefore, this rinsing agent was used also in this studies, and the initial permeate fl ux, about 110-113 L/m 2 h, was restored (Fig. 14) . The repetition of module rinsing with NaOH solution caused that the fl ux increased to 167 L/m 2 h. The effectiveness of NaOH solutions applied for chemical cleaning of the membranes, which had been used for the separation of post-fermentation solutions, was also demonstrated in other works 9, 10, 12 . The SEM observations confi rmed that used NaOH solutions almost completely removed the deposits from the membrane surface. However, also in this case during broth fi ltration the permeate fl ux at a level of 30-20 L/m 2 h was obtained (Fig. 14 , data from 55 h). Thus, the removed of irreversible fouling layer not caused a signifi cant increase the effi ciency of broth fi ltration. Moreover, the SEM observations revealed that the pores edges, compared to membranes non rinsed with NaOH (Figs. 2B and 13), were changed (Fig. 15) . On the pore edges can be observed the "etching effect", probably due to a PP degradation processes.
uling caused a decrease the permeate fl ux to a level of 20-30 L/m 2 h. This effi ciency can be maintained when the module is systematically rinsed with water. However, rinsing the module with water did not permit to remove all the deposits formed on the membrane surface. A continuous deposit layer, almost without the bacteria cell, was observed on the membrane surface even after long-term module rinsing with water.
The application of chemical cleaning (P3-ultrasil 11 solution) for 30 minutes also did not allow to recover the initial module effi ciency. The deposit removal and clean membranes were obtained when the MF module was rinsed with a 1 wt% NaOH solution. This confi rmed that the strong alkaline media are appropriate for cleaning the membranes used for broth separation. However, the permeate fl ux obtained during broth fi ltration was similar to that when only water was used for module rinsing. Moreover, after chemical cleaning the small changes of membrane surface due to polymer degradation were observed. Therefore, in the studied batch fermentation/MF fi ltration system, the module should be systematically rinsed only with water, and additionally periodically with NaOH solution for removal an access of irreversible fouling layer. Figure 15 . SEM image of membrane surface after MF1 module rinsing with NaOH solutions several times
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CONCLUSIONS
The application of MF process with polypropylene membrane for the separation of broths, allowed to obtain a permeate with the turbidity at a level of 0.72-1.46 NTU. Moreover, the obtained permeate was free from separated Citrobacter freundii bacteria. Therefore, the MF process can be considered as a pre-treatment method for the preparation of feed for nanofi ltration and reverse osmosis, and other processes applied for the downstream processing of the post-fermented solutions.
The intensive membrane fouling during the broth fi ltration was confi rmed by SEM observations. The fo-
